An ultrasonic imaging technique has been developed and applied to examine smoldering combustion within a permeable medium. The technique provides information about local permeability variations within a smoldering sample, which can, in turn, be interpreted to visualize the propagation of the smolder reaction. The method utilizes the observation that transmission of an ultrasonic signal through a porous material increases with increasing permeability. Since a propagating smolder reaction leaves behind a char that is higher in permeability than the original (unburnt) material, ultrasonic transmission can be employed to monitor smolder progress. Additionally, the technique allows observation of the evolution of the char (i.e., material left by the smolder reaction), which, in certain circumstances, can continue to increase in permeability, due to secondary reactions (either oxidative or pyrolytic in nature). Experiments have been conducted, applying the technique to smoldering combustion in a two-dimensional geometry with line-of-sight imaging. For axisymmetric configurations, tomographic techniques have been implemented, providing three-dimensional mappings of the smolder front, as well as visualization of the smolder process itself. The results have furthered the understanding of two-dimensional smolder, and have been especially informative in identifying the controlling mechanisms leading to the transition from smoldering to flaming combustion. © 1998 by The Combustion Institute 
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INTRODUCTION
Combustion in porous combustible materials has been investigated for several decades. The subject encompasses an extensive area, ranging from fire development in permeable solid com-bustibles to high-temperature synthesis of materials. Additional topics include packed-bed incineration of solid waste, in situ coal gasification, and fixed-bed catalytic reactors. The type of combustion of interest here is smoldering, which is defined as a nonflaming, self-propagating, exothermic, surface reaction, deriving its principal heat from heterogeneous oxidation of the fuel [1] . If the material is sufficiently permeable, smoldering is not confined to its outer surface and can propagate as a reaction wave through the material. Many materials can sustain smoldering, including coal, cotton, plastics, wood, tobacco, thermal and electrical insulation, and various dusts.
Smoldering combustion of porous materials has been studied both experimentally and theoretically, usually in the context of fire safety. Smoldering constitutes a serious fire risk for many reasons. It typically yields a substantially higher conversion of fuel to toxic compounds than does flaming (i.e., fast, exothermic, gasphase reactions), is difficult to detect (and extinguish) within the interior of a porous material, and provides a pathway to flaming that can be initiated by heat sources much too weak to cause a flame directly [2] . In general, porous materials do not lend themselves to visual data acquisition methods; consequently, invasive methods, such as thermocouple probing and gas sampling, are the norm. This factor has perhaps contributed to a body of smolder research, which has concentrated heavily on parametric experimental evaluations of specific materials, configurations, or limited environmental conditions.
In this work, an ultrasonic imaging technique has been applied to determine the local permeability within a smoldering material (i.e., flexible, open-cell, polyurethane foam). The permeability of a porous medium is a measure of its resistance to fluid flow through it-with low permeability associated with high flow resistance and vice versa-and can be defined on a local macroscopic scale for a porous medium continuum. Being independent of the nature of the fluid and its flow, permeability is only a function of the local pore structure geometry of the medium. With regard to this parameter, the ultrasonic imaging technique applied here exploits the physical evidence that, for an ultrasonic frequency defined by the porous medium properties, the degree of attenuation of an ultrasonic signal through a porous material decreases with increasing permeability. Torero et al. [3] have shown that the permeability of the char left behind by the passage of a smolder wave can be up to four orders of magnitude larger than that of the virgin foam ahead of the reaction. Thus, since a propagating smolder reaction leaves behind char with a pore structure that is higher in permeability than the original material, the relative attenuation of ultrasonic transmissions can be employed to differentiate virgin (unburnt) material from char. Furthermore, the technique can document subsequent permeability developments within the char region, due to secondary reaction fronts (that also heterogeneously consume solid pore structural elements, increasing local permeability) which are not directly associated with the primary smolder front.
The images obtained with the technique not only visualize the smolder phenomenon itself (providing comparisons with temperature and species data), but also help to verify and, to a degree, quantify the important role of these aforementioned secondary reactions within the char region. These reactions form voids which provide increased permeability conditions involved in the transition from smoldering to flaming [4] . Although there exist large bodies of research dedicated to ultrasonic imaging of objects and to acoustic propagation in porous media, the application of ultrasonic imaging to smoldering combustion is truly novel and represents an important step forward in the study of this phenomenon, with potential applications in studies of other heterogeneous combustion processes.
Other methods of imaging and tomography, such as x-ray [5, 6] and gamma-ray [7, 8] have also been implemented to noninvasively examine the interior of objects. Recently, x-ray transmission has been employed to study smoldering combustion in rigid polyurethane foam [9] . Although the most common application of these methods has been in the medical field, ultrasonic techniques have begun to find increased favor among the medical community due to the reduced health risks [10] . Several authors discuss the utilization of ultrasound as a method of 121 ULTRASONIC IMAGING OF SMOLDERING COMBUSTION visualizing the interior of the human anatomy [10, 11] . Ultrasonic imaging and tomography have also been employed in many other fields [12] ; for example, materials science and metallurgy utilize ultrasound for detecting structural defects [13, 14] . Despite some loss in resolution and difficulty in signal processing in comparison with other techniques such as x-ray imaging [15] , ultrasonic imaging becomes the technique of choice for many applications, due to its cost-effectiveness, portability, adaptability, ease of operation, and health-risk safety.
BACKGROUND Acoustic Propagation in Porous Media
The propagation characteristics (e.g., attenuation) of sound waves through a material medium are determined by the nature and structure of that medium. Biot's theory [16 -18] shows that acoustic propagation in a fluidsaturated, porous-solid medium depends on several macroscopic parameters (i.e., porosity, elastic constants, densities of the phases, fluid viscosity, and tortuosity and permeability of the material). In the present setup, the medium is a solid fuel matrix, namely, open-cell, polyurethane foam, with an interconnected void, saturated with gaseous fluids, such as air and combustion/pyrolysis products.
For a plane harmonic sound wave, absorption is characterized by an exponential decrease in intensity of the wave with traveling distance [19] :
Symbols are defined in the nomenclature. The attenuation coefficient, ␣, of a porous medium depends on the thermophysical properties of the medium and the sound frequency, f. In a viscous fluid, fluid motion due to shear surface oscillations (e.g., oscillations on the pore-scale of the local solid strands of polymer in flexible polyurethane foam in a direction parallel to the local solid/fluid interface) decays over the viscous skin depth, ␦ ϭ (2 ⅐ /f ) 1/ 2 [20 -22] (see Stokes's Second Problem [23] ). Solving for the frequency when ␦ is of the same order as the typical pore diameter, d p ϳ (/) 1/ 2 , the characteristic frequency of the fluid-saturated, porous-solid medium is obtained [20] :
For frequencies below f c , ␦ is larger than the typical pore size and all of the fluid within the local pores is involved in the local solid oscillation; for frequencies above f c , only the fluid within a thickness ␦ of the local solid is involved [24] . Furthermore, above the characteristic frequency, the shape of the pores must be taken into consideration; whereas below it, the porosity and permeability of the medium adequately describe the geometry.
In our experiments, f c ϳ 10 kHz for the virgin polyurethane foam, (see Table 1 for material properties); and f c ϳ 40 Hz for the char remaining behind a vigorous smolder reaction. The operating frequency of 40 kHz, selected in the present application, provides adequate spatial resolution, as well as reasonable transmittance through virgin foam (for the sample sizes of interest and ultrasonic power-output constraints). As the 40 kHz frequency ensures that we are always in the high-frequency limit, only theory relative to this limit will be discussed.
The viscous skin depth has been related to the attenuation per cycle by Johnson et al. [25] :
with the attenuation per cycle given by [20] : The viscous and thermal characteristic lengths are given, respectively, by [25] :
where and Ј are shape factors which lie between 0.3 and 3 for most materials [25] . For cylindrical pores of circular cross section, ϭ Ј ϭ 1.
Utilizing the above equations as well as the relation for the phase velocity in the highfrequency limit [20] :
we arrive at the following relation for the attenuation coefficient:
Thus, by measuring the attenuation coefficient, the permeability of the material can be determined using Eq. 8.
Variable Properties Considerations
Smoldering is a dynamic process characterized by many changing thermophysical and thermochemical properties. In this work, a primary aim is to relate permeability to ultrasonic attenuation. However, inspection of Eq. 8 reveals that there are several other parameters which can influence the attenuation of an ultrasonic transmission. Nonetheless, if the attenuation coefficient is a weak function of these parameters (compared to permeability), we can treat the attenuation coefficient as only a function of permeability. This section examines the relative contribution of these parameters.
Porosity
The porosity (or void fraction) of a medium is defined as the fraction of the total volume of the medium that is occupied by void space. Most works on smolder modeling assume that material porosity remains constant in time. This assumption is fairly reasonable since most materials capable of smoldering within their interior are quite porous to begin with. For example, the flexible polyurethane foams used in this work have a porosity of 0.975; at most, only a 2.5% change in porosity is possible. Thus, it is reasonable to take in Eq. 8 to be constant at unity. Note however that ␣ is still dependent on permeability, which itself is a strong function of porosity, i.e. (⌬)/ Ͻ Ͻ (⌬())/().
Temperature
Although temperature does not appear explicitly in Eq. 8, both c 0 and are functions of T. However, since typically varies as T 3/ 2 and c 0 goes as T 1/ 2 , ␣ will vary only as T 1/4 . In addition to the attenuation coefficient's weak dependence on temperature, the absolute temperature of a smoldering polyurethane foam sample merely doubles with the passage of a smolder wave, while the permeability typically increases by more than an order of magnitude.
Pressure
The main parameter in Eq. 8 that is a function of pressure is , which is inversely proportional to pressure, thus making ␣ ϳ P Ϫ1/ 2 . Nonetheless, pressure variations are small, since the flow is incompressible. In fact, although we are in the high-frequency limit, the ultrasonic wavelength is still much larger than the typical pore diameter, ensuring that the flow is incompressible on the microscopic scale, and with respect to the smolder process itself.
Gas Species
The attenuation of an ultrasonic signal is dependent on the composition of the fluid, i.e., different gases and different mixtures of gases attenuate differently at different frequencies [26, 27] . The actual composition of the smolder products is not well known, making it difficult to determine the overall effect of different species. The products of combustion expected in smoldering have attenuation characteristics that are different from those of air. This, together with the fact that, at least for air as oxidizer, the combustion products are a small fraction of the gas mixture, suggests that the effect of gas composition would be small in comparison to the 123 ULTRASONIC IMAGING OF SMOLDERING COMBUSTION change in permeability. To verify this assumption, an experiment was conducted to determine the sensitivity of the system to the presence of combustion products. A nonreacting (ϳ50°C) char sample was placed downstream of a foam sample undergoing opposed smolder. Despite the influx of gas product species from the smolder reaction, no apparent change in ultrasonic attenuation was noted during the test. The attenuation characteristics were found to be no different than that of an air-only-saturated sample, suggesting that the present imaging system is insensitive to the combustion products in the concentrations given off by a smolder reaction.
Permeability Measurement
Line-of-Sight Average Permeability
Rearranging Eq. 1, the negative log of the ratio of the received signal to an unattenuated signal (calibrated for free air) gives the value of the line-of-sight integral of the attenuation coefficient, i.e.:
As discussed in the previous section, for our purposes then, the attenuation coefficient can be well approximated as being inversely proportional to the square root of permeability, i.e.:
where
having used the assumption that the pores are circular cross-sectioned cylinders. The proportionality constant A can be determined by substituting values in Eq. 11, or it can also be determined experimentally via calibration, as explained in a subsequent section. Therefore, by measuring the attenuation of a sound wave propagating through a porous medium, we can determine a line-of-sight average value for permeability; or taking it a step further, by using tomographic techniques, we can obtain the values of local permeability within a sample.
Local Permeability via Tomography
Tomographic methods can be used in conjunction with the ultrasonic imaging technique described above to nonintrusively monitor and image a three-dimensional smolder front, with regard to its shape, propagation, and subsequent char evolution. By deconvoluting the lineof-sight projection of a given property field, the spatial field of the measured properties can be reconstructed. The projection function p(l ) is related to the line-of-sight integration of the material property g(r) by the following equation: Figure 1 illustrates the relation between the projection and the spatial distribution of a measured property in a plane normal to the streamwise axis of an axisymmetric field. A simple-to-implement transform, known as the Abel transform, may be used to reconstruct a radial distribution of the line-of-sight projection of an axisymmetric field [28] . The Abel transform is only one of many possible reconstruction methods available, such as the onionpeeling method and the filtered back projection method [28] . Due to its comparative ease of implementation (e.g., requiring only one set of parallel rays to be taken) and lesser computational time with respect to other methods, the Abel transform is employed in this work as a 
where the numerator of the integrand contains the derivative of the projection. This derivative can generate large overshoots for sudden changes in the projection function. Hughey and Santavicca [29] also indicate that the Abel transform accumulates error at the center of the distribution unless many samples are taken. This high number of samples, however, generates high-frequency noise. These effects can be minimized using the Filtered Abel Transform [28] , which allows for the projection to be filtered of high wave number components prior to transformation. While filtering provides for a smoother output with less overshoot, it also reduces response. The method itself is not associated with any particular filter; nevertheless, a filter providing the best compromise of smoothness and response for the data should be chosen. Although a filtered transform has not been employed here, it is the subject of future work.
IMAGING METHOD AND APPARATUS
In the method developed here, the frequency to be employed needed to be the highest frequency (for spatial resolution purposes) that could provide a detectable transmission (at reasonable speaker output powers) through virgin foam samples of the thicknesses (ϳ160 mm) used throughout the present smolder study [4] . Furthermore, the relative magnitudes of transmission between virgin foam and char had to be sufficiently different such that a smoldering interface could be visualized. The 40 kHz frequency applied in this work performed best under these criteria, with commercially available pressure transducers (speakers/microphones). The spatial resolution is of the order of 10 mm, corresponding to the ultrasonic wavelength and the size of the diaphragm of the microphone. Only a limited number of commercial pressure transducers were tested; conceivably, pressure transducers with frequency responses higher than 40 kHz that provide better resolution and adaptability may be available and should be investigated. Another design consideration is whether to employ a continuous ultrasonic wave or an ultrasonic wave-train pulse. Although slightly more difficult to employ, an ultrasonic wavetrain pulse allows a more precise transmission measurement because the first peak in the received wave-form identifies the desired transmitted signal through the foam/char, distinguishing it from reflection and other interference signals. In addition, the frequency at which the wave-train pulses are sent can be reduced, permitting the speakers to be driven at higher powers without overheating.
Operating Procedure
The operating procedure and design considerations, for the ultrasonic imaging technique for a single speaker/microphone set are as follow:
1. A speaker sends a 40 kHz ultrasonic sinusoidal wave-train pulse through the porous medium. As shown in Fig. 2 , the wave-train pulse consists of a given number of cycles. The duration of the wave-train pulse is experimentally determined to maximize amplitude magnitude versus time spread of the transmitted wave-train pulse, due to superposition of diffracted and reflected signals in the porous medium. 2. A microphone receives a waveform, which includes the transmitted wave-train pulse along with reflection and other interference signals. This waveform is amplified and converted to an RMS signal. Parenthetically, we are only interested in relative magnitudes of transmission-amplitude modulation; thus the absolute value of the RMS signal is not critical. Based on the shortest path length through the sample, the first peak in the received waveform identifies the desired transmitted signal through the foam/char. 3. The received RMS waveform is digitally sampled by a computer and stored into memory. The entire received waveform constitutes a 125 ULTRASONIC IMAGING OF SMOLDERING COMBUSTION single ultrasonic transmission data point, where the attenuation of the transmitted wave-train pulse is deduced in postprocessing. Figure 2 shows the waveform received by a microphone, after amplification and RMS conversion. 4. The next ultrasonic transmission data point is taken. The frequency of wave-train pulses is very important. The time between each wave-train pulse must be longer than the time-of-flight for a single pulse. Enough time must also be allowed to minimize superposition effects from previously sent wave-trains that can be reflected back into the propagation path of interest. The time interval is limited by the desired rate of ultrasonic transmission data points to be taken.
As indicated above, an entire received waveform represents a single ultrasonic transmission data point. The line-of-sight ultrasonic intensity attenuation is measured in terms of the RMS voltage ratio measured by the speakers, such that Eq. 9 can be written as:
where V 0 is calibrated for attenuation due to beam expansion.
Apparatus
In the present setup, linear arrays of speaker/ microphones are employed, to reduce the time needed to scan the sample. The schematic of the ultrasonic imaging technique used in this work is shown in Fig. 3 . Line-of-sight transmission projections are produced by scanning the samples with horizontal arrays of speakers and microphones, mounted to a 2-axis moving UniSlide assembly. 40 kHz sinusoidal waves in six-period bursts are produced by a Sony/Tektronix AFG310 synthesized function generator, triggered by a Hewlett Packard 3312A function generator at 10 Hz. The pulsed signals are amplified to 75 V peak-to-peak and are sent sequentially, via Opto22 ODC5R relay modules, to an array of 8 muRata MA40A3S ultrasonic speakers (16 mm diameter). An array of 8 muRata MA40A3R ultrasonic microphones (16 mm diameter) receive the transmitted pulsed signals. These received waveforms are preamplified, multiplexed, amplified by a gain-selectable differential amplifier, converted to a 
CALIBRATION TECHNIQUE
Line-of-sight Average Permeability As a Function of Ultrasonic Attenuation
The implementation of the ultrasound technique requires calibration of the relation between permeability and ultrasonic attenuation.
Assuming that attenuation of a transmitted ultrasonic signal is only a function of permeability, as described previously, the permeability calibration becomes straightforward. Inserting the expression for ␣ of Eq. 10 into Eq. 14, we solve for A, to obtain:
for a sample of isotropic permeability. By measuring the ultrasonic intensity attenuation for a virgin polyurethane foam sample, with isotropic permeability foam , and sample thickness L, the proportionality constant A, which relates acoustic attenuation to permeability, can be determined. Note: foam is predetermined experimentally via Darcy's law:
for an isotropic medium. In this manner, the value for the proportionality constant A has been reported by Tse [30] to be A ϭ 9.19 ϫ 10 Ϫ4 , which compares favorably with the value A ϭ 8.31 ϫ 10 Ϫ4 , obtained with Eq. 11. Another calibration method is to apply the technique by varying the thickness of a virgin foam sample, while keeping the distance L, between speaker and microphone fixed. Assuming that the attenuation of a transmitted ultrasonic signal is only a function of permeability, such a calibration is possible through the use of Darcy's law (Eq. 16) because a thinner sample will appear to have a higher line-of-sight permeability with respect to a fixed distance L (L Ͼ ⌬x). Fixing u, , and ⌬P, becomes proportional to ⌬x; thus eff ϭ foam ⅐ L/⌬x, and permeability as a function of ultrasonic attenuation can be obtained accordingly. Figure  4 , which also includes data points for actual char samples, confirms the validity of Eq. 15. This approach was used to verify the results of the previous calibration technique. 
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Sample Shape Calibration/Filter for Tomography
For tomography, a further needed calibration consists of a baseline scan of the sample prior to smoldering. Since the virgin sample is of uniform composition, deviations of the deconvoluted measured permeability, acquired from the baseline scan, from that of constant permeability are, in large part, attributed to factors involving the shape of the sample and the position of the speaker/microphone set with respect to the sample. For example, because of the "large" diameter of the ultrasonic "beam," measurements occurring at the edges of the sample are subjected to increased signal strength from ultrasonic transmission passing around the sample. Subsequent permeability measurements of the smoldering sample are calibrated with respect to the baseline scan.
The shape-calibration/filtration procedure is as follows. A uniform composition, cylindrical sample of flexible, polyurethane foam is scanned, and the sample-lengthwise average values of the resulting ultrasonic attenuation data for each point along the radius are calculated and stored. Deviation of the data from the mean at each radial point is also calculated and stored. In this manner, an envelope is created, against which data from the smoldering sample may be compared. In data processing, any measurement falling within this envelope is set to the value for an ideal projection; and any measurement falling outside of the envelope is shifted by the difference between the average value of the envelope and the ideal projection value at that radial point. Values for the ideal projection can be generated by performing the Radon transform [28] on a unit disk of unity property. This method of shape calibration/ filtration also accounts for variations from the ideal projection due to surface waves, diffraction of the wave, imperfections in the virgin foam, and any slight differences between our array of speaker/microphone pairs. The tradeoff of this calibration/filtering method is decreased resolution of permeability.
Shape-calibrated/filtered projections of the smoldering sample are later deconvoluted using the Abel transform to reconstruct a two-dimensional axisymmetric spatial field of the attenuation coefficient. A three-dimensional image of material permeability is then constructed from a vertical stack of the deconvoluted two-dimensional slices. Figure 5 shows the results of the shape-calibrated/filtered deconvoluted projection of a phantom sample-a polyurethane foam cylinder, with an inner cylinder of a smaller radius and lateral length composed of char. As evidenced by Fig. 5 , we have determined that the tomographic technique presents an accurate picture of the scanned foam/char sample. 
APPLICATION OF ULTRASONIC IMAGING TO SMOLDERING COMBUSTION
2-D Imaging of a Smoldering Sample
An example of the applicability of the ultrasonic imaging technique to examine smoldering combustion is shown in the study of the mechanisms leading to the transition from smoldering to flaming combustion in a two-dimensional geometry conducted by Tse et al. [4] . In this study, an average permeability is measured by the line-ofsight integral of the ultrasonic attenuation coefficient, as given in Eq. 14. A schematic of the experimental facility is shown in Fig. 6 . All tests are conducted using open-cell, unretarded, flexible polyurethane foam (26.5 kg/m 3 density and 0.975 void fraction) with air as oxidizer. Smolder tests are conducted in a wind-tunnel test section (0.6 m long with a rectangular cross section 0.127 m wide and 0.07 m deep). Three of the wind-tunnel walls are made of quartz for optical access; and the fourth wall is established by the exposed surface of the foam sample, mounted flush with the wind-tunnel wall. The foam sample is a rectangular parallelepiped (0.406 m long with a cross section 0.127 m by 0.14 m). Three side surfaces and the top of the sample are insulated with Fiberfrax sheets. House-compressed air flows through the tunnel settling chamber and a converging nozzle before entering the test section. Smolder ignition is accomplished with an electrically heated igniter placed in contact with the foam at the sample bottom. The smolder ignition requires a supply of 70 W for 3000 s, heating the igniter to about 500°C. At that time, the heater and igniter air flow are turned off; and the external air flow is turned on and forced upward and parallel to the exposed foam surface.
Line-of-sight average permeability images of the sample, taken at two periods during its smolder, are presented in Fig. 7 . Producing a single image requires approximately 10 minutes due to limitations on scanning and data storage rates. Figure 7a corresponds to a period prior to flaming when the smolder front is propagating at 29 cm from the igniter. Figure 7b corresponds to the sample immediately after flaming; note that combustion is immediately extinguished with a nitrogen purge upon flaming. The shades of gray-scale describe the line-of-sight value of permeability, with white corresponding to virgin foam and black to air (void). The delineation of the smolder front can be clearly identified in Fig. 7 . In addition, ultrasonic imaging shows that the char left behind by the smolder wave increases in permeability (via the formation of voids) as smolder progresses. It is seen that the technique provides information about the location of the smolder front and the changes in permeability throughout the char region. The presence of voids is clearly observed in Fig. 7 , and further corroborated with visual observation of the char after completion of an experiment. 
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By scanning in a reduced region, the ultrasonic imaging technique can also be used to obtain the evolution of the char permeability at a particular location in the sample (along the centerline at a height of 15 cm). The results presented in Fig. 8 show that the char continues to react and increase substantially in permeability long after the primary smolder front has passed, confirming that secondary char oxidation is responsible for the formation of the voids. Corresponding temperature distribution data along the length of the sample for increasing time (see Tse et al. [31] ) elucidates the absence of a well-defined smolder temperature and blurring of the smolder zone, but clearly manifesting the propagating smolder front. Other experiments have also shown that the "smolder zone" in forward smolder is difficult to define, as compared to opposed smolder, and often seems thick and continuous.
Ultrasonic images, as shown in Fig. 7 , together with thermocouple probing data of the foam interior and schlieren interferometry images of the gas phase at the foam/air-flow interface, reveal that transition to flaming, in this case, is not the result of an accelerating smolder, but of the onset of gas-phase reactions in the void-filled, hot char region. The increasing permeability of the char, which favors the transport of oxidizer and volatiles to its interior, in conjunction with the reduced heat loss property of a self-insulating porous medium (less heat losses per unit volume of smoldering material to the surrounding tunnel walls and air at the bulk medium interface), results in the transition to flaming. Gas analyzer data of mixedaggregate exhaust gases indicate significant increases in hydrocarbon production as the smolder nears transition to flaming. The larger pore size in the char favors gas-phase reactions; in contrast, the smaller pore size (ϳ200 m) near the smolder front tends to suppress gasphase reactions by surface quenching of the free radicals, encouraging solid surface attack of oxygen [1] . In the immediate vicinity of the local char surface where the temperature is most favorable for a high reaction rate, the reactant concentration is least favorable; oxygen concentration will be the lowest (compounded by the fact that surface reactions are competing with gas-phase reactions for oxidizer) and fuel and product concentrations will be the highest. The proposed sudden influx of oxidizer, allowed in by increased permeability of the char, as confirmed by ultrasonic imaging, provides the impetus needed for the transition. More detailed information about the process can be found in Tse et al. [4] .
Tomography of Axisymmetric Smoldering
Ultrasonic tomography has been applied to examine axisymmetric, downward natural convection smoldering. Again, all tests are conducted using open-cell, unretarded, flexible polyurethane with air as oxidizer. A schematic of the experiment is shown in Fig. 9 . The foam sample is a cylinder, of 130 mm diameter and 200 mm length, with the lateral surface of the sample left exposed. Smolder ignition is accomplished with an electrically heated igniter placed in contact with the foam at the sample top. The entire sample is caged in a wire mesh, with square openings of 12.5-mm sides, for support. A 2-D array of thermocouples is placed within the sample, spaced at 30 mm radially and 20 mm axially. The temperature data is used to determine independently the progress of the smolder front and the strength of the reaction. A sequence of tomographic images and the corresponding 2-D thermocouple data as the smolder reaction progresses down the sample are shown in Figs. 10a-d . Due to present limitations on scanning and data storage rate, a coarse sampling grid is employed, allowing for several complete traverses while the sample is The smolder reaction temperature is taken to be about 350°C, which corresponds to a dark gray in the temperature graphs.
Figures 10a-d evince that the ultrasonic imaging technique accurately tracks the progression of the smolder front though the sample via the resulting change in permeability. The temperature data taken during smoldering and shown in these figures compare extremely well with and validate the ultrasound data. Comparison of Fig. 10c and Fig. 10d reveals that the char has continued to evolve well after the smolder front has passed.
For a truly axisymmetric field of material property, only projections from 0 to ϱ need to be taken and deconvoluted. Note, however, that in Reinspection of the sequence in Fig. 10 shows decreasing local permeability with increasing time after the passage of the smolder front for some locations (e.g., region around z ϭ 14 to 16 cm and r ϭ Ϫ2 to Ϫ3 cm). This phenomenon is most likely due to reaction products condensing in the cooler char region behind the downward propagating (opposed flow) smolder reaction. The condensed products (tar and water) plug the pores thereby reducing the permeability. This effect has also been observed in recent forward smolder experiments.
Visual comparison of the sample with a final ultrasound image was not possible because the smolder reaction reversed upon reaching the bottom of the sample. The resulting dramatic increase in permeability exceeded the dynamic range of our system. Even so, we were able to track the upward movement of the reaction as it progressed through the sample. A future system with increased dynamic range would be able to quantify the extent of the reaction moving upward through the char, and allow for post-test visual comparison. 
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CONCLUDING REMARKS
The innovative application of ultrasonic imaging as employed here brings the study of optically inaccessible heterogeneous combustion into a new perspective, where new insight into the mechanisms controlling smoldering combustion is revealed via visualization of evolving material properties. The technique is especially informative concerning char permeability evolution and propagation of the smolder front. Future development of this technique should include ultrasonic tomography of nonaxisymmetric material permeability. Also worth pursuing is the determination of the temperature fields within a smoldering fuel. This could be accomplished by measuring the time-of-flight of the ultrasonic signal though the permeable material. As the sample temperature increases, the sound speed also increases, thereby decreasing the time of flight. A higher speed data acquisition system than the one employed in this work would be necessary due to extremely short times involved in measuring this variation.
